Using SDSS DR15 to its full extent, we derived fundamental plane distances to over 317 000 early-type galaxies up to a redshift of 0.4. In addition to providing the largest sample of fundamental plane distances ever calculated, as well as a well calibrated group catalogue covering the entire SDSS spectroscopic footprint as far a redshift of 0.5, we present several improvements reaching beyond the traditional definition of the fundamental plane. In one approach, we adjusted the distances by removing systematic biases and selection effects in redshift-magnitude space, thereby greatly improving the quality of measurements. Alternatively, by expanding the traditional fundamental plane by additional terms, we managed to remove systematic biases caused by the selection of our SDSS spectroscopic galaxy sample as well as notably reducing its scatter. We discuss the advantages and caveats of these various methods and calibrations in detail. We found that improving the fundamental plane distance estimates beyond the established methods requires a delicate balancing act between various systematic biases and gains, but managed to reduce the uncertainty of our distance measurements by about a factor of two compared to the traditional fundamental plane.
INTRODUCTION
The increasing number of galaxies covered by large-scale spectroscopic surveys (Aguado et al. 2018; Dawson et al. 2013) provides an opportunity to revisit the fundamental plane of early-type galaxies and to explore new ideas on how to improve this scaling relation as a distance indicator. Furthermore, various other surveys and programmes have accumulated a huge amount of additional distance information, to which we can compare our data.
During the pioneering work on the scaling-relations of early-type galaxies, the Faber-Jackson relation (Faber & Jackson 1976; Schechter 1980; Tonry & Davis 1981) and the Kormendy relation (Kormendy 1977) were discovered. Nowadays, they are seen as projections of the fundamental plane, which was properly defined and discussed in Dressler et al. (1987) and Djorgovski & Davis (1987) , after being first mentioned in Terlevich et al. (1981) . Its functional form is often given in the following way: log 10 (R e ) = a · log 10 (σ 0 ) + b · µ e + c.
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The fundamental plane is an empirical relation between three global parameters of elliptical galaxies: the central velocity dispersion σ 0 , the physical effective radius R e , and the mean surface brightness µ e within the effective radius, which is occasionally written as log 10 (I e ) = −µ e /2.5 in the literature 1 . The coefficients a, b, and c of the fundamental plane are obtained by fitting the relation to some set of early-type galaxies, whose distances are (approximately) known due to another distance indicator. The central velocity dispersion and the mean surface brightness 2 are distance-independent quantities. Consequently, one can use the fundamental plane as a distance indicator (standard rod) by comparing the predicted effective radius with the observed one. After its discovery the fundamental plane quickly became a complementary tool to the Tully-Fisher relation (Tully & Fisher 1977) , which uses late-type galaxies, for measuring extragalactic distances. From a more theoretical point of view, the Virial equi-librium predicts correlations between the three parameters R e , σ 0 , and µ e . Assuming a constant luminosity-independent mass-to-light (M/L) ratio for all early-type galaxies, the virial equilibrium condition would predict the following values for the coefficients: a = 2 and b = 0.4. In the literature, one typically finds values for a ranging between 1 and 1.5 (depending on the fitting method) and for b around 0.3 (Saulder et al. 2013) . This discrepancy between the theoretical prediction and observations is called the tilt of the fundamental plane. The reasons for this tilt have been a matter of substantial debate, especially in the context of galaxy evolution (Ciotti et al. 1996; Busarello et al. 1997 Busarello et al. , 1998 Graham & Colless 1997; Trujillo et al. 2004; D'Onofrio et al. 2006; Cappellari et al. 2006; Magoulas et al. 2013) or environmental dependence (Lucey et al. 1991; Jorgensen et al. 1996; Pahre et al. 1998; de Carvalho & Djorgovski 1992; La Barbera et al. 2010b; Magoulas et al. 2013; Hou & Wang 2015; Joachimi et al. 2015; Samir et al. 2016; Kipper et al. 2016) . The fundamental plane is still a topic of ongoing research (D'Onofrio et al. 2008; La Barbera et al. 2008; Gargiulo et al. 2009; Hyde & Bernardi 2009b; La Barbera et al. 2010a; Fraix-Burnet et al. 2010; Magoulas et al. 2012; Hyde & Bernardi 2009a; Cappellari et al. 2013) and there have been numerous discussions (Jørgensen et al. 1993; Jorgensen et al. 1996; Jørgensen et al. 2006; Pahre et al. 1998; Bolton et al. 2008; D'Onofrio et al. 2013 D'Onofrio et al. , 2017 ) on how to understand this scaling relation. Recently, the focus has shifted towards studying the formation (Bezanson et al. 2013; van de Sande et al. 2014; Beifiori et al. 2015 Beifiori et al. , 2017 and evolution (Zahid et al. 2015 (Zahid et al. , 2016 Oldham et al. 2017 ) of the fundamental plane and how to reconcile observations with simulations (Taranu et al. 2015; Desmond & Wechsler 2017) . Our understanding of early-type galaxies has significantly improved during the last decade. Thanks to the first integral field spectroscopic surveys (Bacon et al. 2001; Cappellari et al. 2011) , it became clear that the majority of early-type galaxies exhibit significant rotation (Emsellem et al. 2011; Cappellari et al. 2007 ) and are not primarily pressure-supported systems. Furthermore, the importance of stellar populations (Springob et al. 2012 ) and the luminosity dependence of the mass-to-light ratio (Hyde & Bernardi 2009b; Cappellari et al. 2013; Schechter et al. 2014; Desmond & Wechsler 2017 ) of early-type galaxies became crucial in understanding the tilt and the scatter of the fundamental plane. Additionally, it was found by Padmanabhan et al. (2004) and Gallazzi et al. (2006) that the stellarto-dynamical mass ratio is not constant across all populations of early-type galaxies and D 'Onofrio et al. (2008) and Nigoche-Netro et al. (2009) showed that the fundamental plane depends on the range in velocity dispersion and luminosity. A constant stream of data coming in and being analysed from currently ongoing big integral field spectroscopic surveys (Bundy et al. 2015; Croom et al. 2012 ) drives the improvement of our knowledge about very complex interplay between the global parameters of early-type galaxies and their internal kinematics (Scott et al. 2015; van de Sande et al. 2017; Graham et al. 2018) . Additionally, some modifications of gravity are discussed as alternatives (Jovanović et al. 2016; Chiu et al. 2017 ) to a luminosity dependence of the mass-to-light ratio. Furthermore, a connection between the stellar and dark matter halo has also been proposed (Schechter 2016) to explain the shape of the fundamental plane.
Since its discovery, the coefficients of the fundamental plane have been calibrated using various samples, ever increasing in size or quality. For example, some of the most notable works providing these coefficients are Djorgovski & Davis (1987) ; Dressler et al. (1987) ; Smith et al. (2001 Smith et al. ( , 2004 ; Hudson et al. (1997) ; Gibbons et al. (2001) ; Lucey et al. (1991) ; Guzman et al. (1993) ; Jorgensen et al. (1996) ; Müller et al. (1998); D'Onofrio et al. (2008) ; La Barbera et al. (2008) ; Gargiulo et al. (2009) ; Hyde & Bernardi (2009b) ; La Barbera et al. (2010a) ; Pahre et al. (1998) ; Kelson et al. (2000) ; Colless et al. (2001) ; Bernardi et al. (2003) ; Magoulas et al. (2012) ; Campbell et al. (2014) ; Scodeggio et al. (1998); Fraix-Burnet et al. (2010) ; Saulder et al. (2013 Saulder et al. ( , 2015 ; Zahid et al. (2016) . The actual values of the coefficients vary notably due to the different fitting methods (Sheth & Bernardi 2012) , but for the application as a distance indicator a direct fit (Bernardi et al. 2003; Sheth & Bernardi 2012 ) that minimizes scatter in the physical radius R e is the optimal choice, because it directly translates into a scatter in distances. The fundamental plane can be used as an efficient tool to measure peculiar motions in the local universe (Campbell et al. 2014; Mutabazi et al. 2014) .
The Sloan Digital Sky Survey (SDSS) has been continuously providing new data and made its DR15 (Aguado et al. 2018 ) recently available to the public. While not including new galaxies in our range of interest since the completion of BOSS (Dawson et al. 2013) , it provides updated photometric and spectroscopic fits for all galaxies. The previously largest sample of fundamental plane distances published along with a limited group catalogue in Saulder et al. (2016) was effectively limited to the sample size of DR7 (Abazajian et al. 2009 ) by the use of GalaxyZoo-I (Lintott et al. 2008) . By improving the selection criteria for early-type galaxies, one will be able to cover many galaxies for which fundamental plane distance have never been calculated. Furthermore, it provides an opportunity to improve the quality of the distance measurements using the fundamental plane by better considering the selection effects of SDSS. Different methods for calibrations can be tested, as well as how to best take into account known biases affecting the fundamental plane, such the impact of the mass-to-light ratio (Hyde & Bernardi 2009b; Cappellari et al. 2013; Schechter et al. 2014; Desmond & Wechsler 2017) and environmental effects (Joachimi et al. 2015) . To investigate the latter, a state-of-the-art group catalogue that covers at least the same volume as the early-type galaxies used for the fundamental plane is required. This can also be used to further improve the distance estimates to rich clusters by using statistics.
Throughout this paper, we assumed a flat Λ-CDM cosmology with a relative dark energy density of Ω Λ = 0.7 and a relative matter density of Ω M = 0.3 as well as a present-day Hubble parameter of H 0 = 70 km s −1 Mpc −1 . This paper is structured in the following way: in Section 2, we present a description of the various datasets used for this work, with additional details provided in Appendix A. Our methods are explained in Section 3. We present the main results of our work in Section 4 with a more detailed description of our catalogues provided in Appendix B. We discuss our methods and results in Section 5 and provide a brief summary and conclusions in Section 6. Alternative ap-proaches that we tested are briefly discussed in Appendix C as well as transformations between SDSS and 2MRS colours that were required as a tool are provided in Appendix D.
DATA
Our primary source of data was SDSS DR15 (Aguado et al. 2018 ) from which we selected an essentially unconstrained (aside from the intrinsic selection criteria of SDSS) spectroscopic sample of galaxies up to a redshift of 0.51 3 as well as a sample of early-type galaxies, defined by colour-cuts and likelihoods for luminosity profile fits. Additionally, we used the value-added catalogue by Graham et al. (2018) , which is based on MaNGA data (Bundy et al. 2015) , and the valueadded catalogue by Simard et al. (2011) , which provides additional parameters for SDSS galaxies. For the calibration of our group finder algorithm, we also required simulated data. To this end, we took the re-run of the Millennium simulation (Springel et al. 2005 ) presented by Guo et al. (2013) , who updated it to the WMAP7 cosmology (Komatsu et al. 2011) . Several additional datasets are used for comparison and testing of our derived distances.
The mostly unfiltered galaxy sample was used to run our group finder algorithm. The resulting group catalogue may also be used for applications beyond the scope of this paper. We selected galaxies in SDSS DR15 using the set of criteria listed in Appendix A. With these criteria we found 1 527 251 objects (see Figure 1) in SDSS, for which we obtained their positions and basic photometric parameters (see Appendix A for a detailed list).
Our sample of early-type galaxies is a subsample of the previous galaxy sample, hence all the above criteria were applied. Additionally, we required these galaxies to fulfil the set of criteria presented in Appendix A2. With these selection criteria, we found 334 388 objects (see Figure 1 ) in the SDSS database. Additional constraints (finer cuts) were applied later in the calibration process to remove outliers and possible misclassifications. For the selected objects, we obtained their coordinates, basic spectroscopic and photometric parameters, and their stellar masses according to spectro-photometric Wisconsin method (Chen et al. 2012 ) using Maraston stellar mass models (Maraston & Strömbäck 2011) . A detailed list of the obtained parameters is provided in Appendix A2. This sample of early-type galaxies formed the basis for our fundamental plane calibrations. Graham et al. (2018) published a catalogue providing additional kinematic parameters for 2 774 galaxies, which were observed using integral-field spectroscopy as part of the MaNGA programme (Bundy et al. 2015) . Since MaNGA is part of SDSS, we could easily cross-match their sample with ours. We used the additional kinematic parameters and more precise stellar masses provided in their catalogue for supplementary tests of our calibrations.
The value-added catalogue of Simard et al. (2011) contains Sersic-profile fits based on SDSS DR7 data (Abazajian et al. 2009 ) for 1 123 718 galaxies. We used their data for additional tests of our calibrations, but since we could not improve our calibrations with them, their impact on our analysis was minimal.
We found it useful to supplement the SDSS data with data from the 2MRS (Huchra et al. 2012) , which was a spectroscopic follow-up to 2MASS (Skrutskie et al. 2006) , in order to compensate for the saturation bias of the SDSS spectroscopic sample. Therefore, we included 43 533 galaxies from 2MRS with their 2MASS magnitudes (J, H, and K S ) and redshifts into our database. We crossmatched them with the our complete SDSS sample and found that 5 890 galaxies were identified 4 within the spectroscopic data of both surveys. We used these galaxies to calibrate the colour transformation (see Appendix D) and thereby calculate SDSS magnitudes for all 2MRS galaxies. Excluding the galaxies which were detected in both surveys, we found that 8 948 galaxies of 2MRS lie either in or within one degree of the SDSS spectroscopic footprint. We added these galaxies to our our main sample, which was then used as a basis for our group catalogue.
Since the cosmological parameters of the first run of the Millennium simulation (Springel et al. 2005 ) are slightly outdated (Planck Collaboration et al. 2015; Suzuki et al. 2012) , we decided to use its re-run by Guo et al. (2013) , which assumed the cosmological parameters found by WMAP7 (Komatsu et al. 2011) . The re-run also provides semi-analytical galaxy models based on Guo et al. (2011) , which we used to build mock-catalogues for the calibration of our group finder algorithm. We selected every galaxy with an absolute magnitude brighter than -15 mag in the i band from all snapshots between 61 (corresponding to redshift 0) and 46 (corresponding to redshift 0.5086). For these simulated galaxies, we gathered the parameters listed in Appendix A4. Each snapshot contains more than 10 million objects from which we selected the galaxies to construct our mock-catalogues.
In addition to all the data, which we required to calibrate and apply the fundamental plane, we also obtained various datasets using other distance indicators to test our own calibrations. Those include the catalogue of 740 Supernovae Type Ia distances by Betoule et al. (2014) , the 56 124 distance measurements using the Tully-Fisher relation found in the latest version of the NASA/IPAC Extragalactic Database, and the distance measurements using various methods for 17 669 galaxies collected by the CosmicFlows project (Tully et al. 2016) .
METHOD

Mock catalogues
The first step in building a group catalogue is to ensure that the group finder algorithm is well calibrated for the dataset it is applied on. The SDSS/BOSS data we used is the product of a series of selection criteria, which define the sparsity of the sample and thereby the optimal linking lengths of our FoF algorithm. To this end, we created a series of mock catalogues based on the data we obtained from the WMAP7 re-run of the Millennium simulation (Guo et al. 2013) .
We built a set of (mostly) independent mock-catalogues from the available data. To this end, we decided to treat every snapshot independently as a representation of its particular redshift range. Each snapshot is a cube of a side length of 500/h Mpc. We calculated that it is possible to create 4 slices with no overlap at the lower redshifts and only limited overlap at the higher redshifts from each snapshot, if applying the following procedure. We defined centres for each slice at the following co-moving Cartesian coordinates: (100/h Mpc, 250/h Mpc, 250/h Mpc), (200/h Mpc, 250/h Mpc, 250/h Mpc), (300/h Mpc, 250/h Mpc, 250/h Mpc), and (400/h Mpc, 250/h Mpc, 250/h Mpc). Then we rescaled each snapshot to physical units. We call the redshifts corresponding to the time at which the snapshots were taken, the central redshift. We defined upper and lower limits for the redshift range associated with each snapshot by taking the average value between the central redshifts of two neighbouring snapshots. Then we translated the central redshift as well as the upper and lower limits to co-moving distances. Our virtual observer is located at a point, which is the co-moving distance of the central redshift (in the negative x-direction) away from the centre of each slice. All galaxies closer than the lower redshift limit (as a co-moving distance) from the virtual observer were removed from that slice, as well as all galaxies further away than the upper redshift limit. The resulting four slices only share a few galaxies with each other (especially considering the magnitude and colour-cuts introduced in the next step). We repeated the entire procedure in the y-and z-direction as well and end up with 12 largely independent slices for each snapshot.
Before we could introduce the SDSS/BOSS selection effects into our mock-catalogues, we had to obtain the redshift dependence of the uncertainties of the observed magnitudes in SDSS. To this end, we made use of the error-bars of the Petrosian magnitudes supplied by the catalogues. We split them into redshift bins, calculated the median, and did a simple interpolation between the bins. In the next step, we calculated the impact of the peculiar motions on the mock data.
While we could simply transform the co-moving distance to the virtual observer into a cosmological redshift z cosmo , we had to take into account the peculiar motions of galaxies to obtain the 'real' redshift z real . This is not the true observed redshift, since we still had to factor in the error of the redshift observation itself, which is done in Equation 4. ì v pec denotes the vector of the peculiar motions from the Millennium simulation, ì n view the unit-vector of the line-of-sight from the virtual observer to the galaxy, and c is the speed of light.
The apparent magnitude m app,mock of the galaxies in our mock-catalogues was obtained from the absolute magnitude M abs,mill found in the Millennium simulation by adding the observational error ∆m of the magnitudes, the K-correction K, and the distance modulus, which is derived from the luminosity distances D L . We use the symbol G to indicate a random Gaussian noise with a standard deviation σ of 1. Naturally, these corrections were applied to all magnitudes in all bands.
The actually observed redshift z obs is obtained by considering the measurement error ∆z of redshifts for the real redshifts z real . In the next step, we applied the selection criteria for the various SDSS and BOSS samples on our mock-data. We considered the magnitude limit and saturation bias for the SDSS main galaxy sample, the colour, magnitude, and redshift cuts for the SDSS LRG low-z and SDSS LRG high-z samples, the colour and magnitude cuts for the BOSS low-z, BOSS CMASS and BOSS CMASSsparse samples, the main Quasar sample, and the magnitude limits of the 2MRS sample. Afterwards, we merged the various samples in each of our slices. By directly applying the SDSS selection criteria on the mock-catalogues, which are using the semi-analytic galaxy models of Guo et al. (2011) , we found that the galaxy densities do not match and are not even reasonably near the values derived from observations (see Figure 2 ). We found a notable dearth of galaxies (by almost an order of magnitude) between a redshifts 0.2 and 0.45. Therefore, we had to finetune the selection criteria by adding some tolerances until we got the galaxy density in the mock catalogues reasonably close to the observed values across the entire redshift range. In particular, we allowed for an about 0.2 mag wider range for all magnitude limits and colour-cuts applied to select the various SDSS samples. After the fine-tuning, we combined all pairs of non-neighbouring slices (with each slice set to be pointing at opposite directions on the virtual sky) into our set of 6 mock catalogues for all of our 16 snapshots.
Group finder algorithm
In the next step, we ran our group finder algorithm on these mock catalogues to obtain the optimal linking lengths. Our version of the friends-of-friends approach follows Duarte & Mamon (2014) , who pre-grid the data before running the nearest neighbour search to improve efficiency. We also used the fofID number from the Millennium Run database to assemble groups which lie in the same dark matter halo. These halo-based groups are used as the comparison sample for identification of the best linking length for FoF in a given snapshot. We follow Robotham et al. (2011) , and match groups between the FoF and halo-based catalogues according to a cost function based on bijective matches between groups in each catalogue. The cost function is based on matched groups that share at least 50% of their galaxies, and the group 'purity', see Equations 9-15 in Robotham et al. (2011) . After obtaining the optimal values for all of our mock catalogues, we calculated the median of the optimal linking lengths of each mock catalogue for every snapshot (see Figure 3 ). The effects of the different samples are clearly visible in the linking lengths. At the lowest redshift bin, the saturation bias causes a larger linking length than for magnitude limited part of the SDSS main galaxy sample. There is a consistent rise in the linking lengths with redshift, which reaches a plateau once the more volume-limited samples such as the LRG and CMASS samples start to dominate. When comparing the scatter between the linking lengths of the individual mock catalogues to the galaxy densities of Figure  2 , we see that it noticeably increases once the sample gets sparser. We used cubic splines to interpolate between the different redshifts and applied these interpolations in our group finder.
Before we could use our group finder on SDSS data, we had to filter and properly calibrate the observational data first.
We corrected the SDSS 5 magnitudes m obs for galactic extinction A Schlegel according to the Schlegel maps (Schlegel et al. 1998 ) to obtain the extinction-corrected magnitude m extcor . In the case of the galaxies, which were only in the 2MRS sample, we used the extrapolated SDSS magnitudes based on a fit using the H-K s and J-H colours and the K s band magnitudes instead. This fit was calibrated using galaxies in both surveys and the details of this method are explained in Appendix D.
Afterwards, we applied a K-correction K(z obs , m f 1 − m f 2 ) to the extinction-correction magnitudes m extcor . We used the K-correction of Chilingarian et al. (2010) , with updated coefficients from Saulder et al. (2013) . m f 1 − m f 2 denotes any suitable colour and z obs the observed redshift directly from the SDSS pipeline. We used the following combinations: g band: g-r colour, r band: g-r colour, i band: g-i colour, zband: g-z colour, J band: J-K s colour, H band: H-K s colour, and K s band: J-K s colour. We also transformed all redshifts to the CMB-rest frame. With the CMB-redshifts z cmb , we calculated the angular diameter distances D A and the luminosity distances D L . Using the distance modulus, we calculated the absolute magnitude M abs and derived the luminosity L in solar units using the absolute magnitude of the sun (Willmer 2018 
Since our radial linking length was calibrated in km/s, we also transformed the redshifts into radial velocities v rad for every galaxy. To remove potentially problematic objects, we removed all galaxies with an absolute magnitude brighter than -30 mag and fainter than -15 mag in the i band. Furthermore, all objects with a g-i colour of more than 3 mag or less than -2 mag were excluded from the sample. Since we did not want to have any galaxies outside the calibrated range of our group finder, we removed all objects with a redshift z cmb lower than zero and higher than 0.5. These cuts reduced our sample to 1 480 600 galaxies.
6 C. Saulder et al. When we ran our FoF group finder, we could take the radial linking length l R directly and compare it with the radial velocity v rad . However, we had to transform our angular linking length l b from physical units to angles l α .
Besides just assigning group memberships, our group finder calculated the several parameters for every group that it detected using the methods thoroughly tested in Robotham et al. (2011) and discussed again for a similar group finder algorithm in Saulder et al. (2016) . The radial group centre was calculated by taking the median of the redshifts of all group members. The projected group centre was found by using the centre of light of the group members and iteratively removing the members with largest angular separation. The projected group radius was defined as the distance from that projected group centre in which 50% of the group members are located.
We calculated group velocity dispersions using the gapper estimator of Beers et al. (1990) including the modification of Eke et al. (2004) .
The gapper velocity dispersion σ gap of a group with N fof member was calculated by summing up the product of the weights w i and the radial velocity gaps g i for all all its members. It was essential that the radial velocities v i were ordered for this approach, which we assured by applying a simple sorting algorithm for each group. The radial velocities v i were calculated using the observed redshifts z obs,i . The group velocity dispersion σ group also took into account the measurement errors of the redshift determination σ err , which were 30 km/s for SDSS, 65 km/s for BOSS, and ∼ 32 km/s for 2MRS. In the case that the obtained group velocity dispersion was lower than the measurement errors of the redshift determination, we set them to their corresponding σ err . The observed group luminosity is merely the sum of the i band luminosities of all its detected members.
Basic calibrations for early-type galaxies
Most parameters needed to get to the different fundamental plane calibrations are the same. The extinction correction and the K-correction were already presented in Equation 5 and Equation 6, respectively. Besides these two corrections, the apparent magnitudes are typically also corrected for evolutionary effects. As illustrated by the dearth of bright galaxies at very low redshifts in Figure 1 , the saturation bias of SDSS spectroscopy removes all galaxies from the main galaxy sample with apparent magnitudes brighter than 15 mag in the g and r band and brighter than 14.5 mag in the i band. As illustrated in Figure 4 , the saturation bias is different and poorly defined for the LRG sample of SDSS. The BOSS low-z sample, which also contributed galaxies to our catalogue, suffers from a saturation bias for galaxies brighter than 16 mag in the r band, but there are other galaxies observed with BOSS fibres that are not affected by this bias. At higher redshifts, the sample of early-type galaxies gets increasingly sparse, on the one hand due to Malmquist bias, which removes the intrinsically faintest galaxies in magnitude-limited surveys, and on the other hand the light profiles become increasing PSF-like, which means that the likelihood for a de Vaucouleurs-profile as calculated by the SDSS pipeline shrinks correspondingly. Consequently, this does not allow for easy classification according to our criteria (see Appendix A2). To obtain the evolution corrected magnitude m app,evcor , we took advantage of our group catalogue and used the group redshift z group , which should be barely affected by the finger-of-god effects in clusters. All derivative quantities using the apparent magnitude were calculated in two ways, one using the evolution corrected magnitude m app,evcor and one using the uncorrected apparent magnitude m app . The evolution correction parameter Q is obtained by finding a constant number density for the brightest galaxies within the redshift range for which our sample of these galaxies is the most complete. We estimated the redshift range in which our early-type galaxy sample is complete for galaxies brighter than -23.5 mag in the z band to be between 0.07 and 0.25. Within this redshift range, we calculated the mean separation to the five nearest neighbours for all galaxies brighter than -23.5 mag after applying the evolution correction parameter Q and split them into 0.01 wide redshift intervals. We varied Q between 0 and 2 mag/z and found that the optimal value that preserves the mean separation (hence indirectly the number density) of the brightest objects in the sample is 0.71 mag/z. This value is slightly lower than the evolution corrections found in Bernardi et al. (2003) and Saulder et al. (2013) . We argue that this might be due to the fact that we only focused on the brightest galaxies of our sample. However, this is well motivated since these are the only galaxies that we are able to detected at higher redshifts, where the evolution correction becomes increasingly important.
We also corrected the sizes and velocity dispersions for evolutionary effects. To this end, we used the corrections provided by Beifiori et al. (2014) .
The corrected sizes r cor and velocity dispersions σ cor are rescaled from the observed parameters directly from the SDSS pipeline r sdss and σ sdss . We took the values of the scaling coefficients β and γ directly from Beifiori et al. (2014) , which were −0.49 ± 0.26 and 0.12 ± 0.02 respectively.
Following Bernardi et al. (2003), we circularized the evolution corrected angular radius r cor using the minor semi-axis to major semi-axis ratio q b/a to obtain the circularized radii r circ , which is more reliable quantity to compare galaxies of different shapes. Because SDSS/BOSS uses fixed size fibres, we had to correct for the fact that at different distances different fractions of the galaxies are covered by that fibre. Based on the work of Jorgensen et al. (1995) and Wegner et al. (1999) , we used the following equation:
The radius r fiber of the SDSS fibres used to be 1.5 arcseconds, but with the upgrade (Ahn et al. 2012 ) done for BOSS, new smaller fibres were installed. These fibres only have a radius of 1 arcsecond. SDSS marks whether a spectroscopic measurement was obtained using the SDSS fibres or the BOSS fibres. σ 0 denotes the corrected central velocity dispersion, while σ cor denotes the evolution corrected central velocity dispersion. We also tested the slightly modified version of Equation 19 form Cappellari et al. (2006) and found that the velocity dispersions obtained from their method yields a marginally higher scatter for the fundamental plane.
Using basic trigonometry, one can calculate the physical radii R e of galaxies using their angular diameter distances D A (derived using the median group redshifts z group ) and circularized radii r circ . When we refer to redshift-based distances throughout this paper, we mean distances derived using the redshift-distance relation with the assumed cosmology of this paper and the median group redshifts.
When calculating the surface brightness µ e , one has to include a correction for the cosmological dimming of surface brightnesses, which is proportional to (1 + z) 4 in any Friedmann-Lemaître-Robertson-Walker metric-based universe (Tolman 1930; Hubble & Tolman 1935; Sandage & Perelmuter 1990a ,b, 1991 Pahre et al. 1996) .
Before we could fit any fundamental plane, we should further clean our sample, because we had some additional parameters to work with after doing the basic calibrations. We keep only galaxies that fulfil a set of criteria and cuts listed in Appendix A3.
For technical reasons, we had to merge the stellar masses provided directly by the SDSS database with the updated dataset 6 for galaxies observed with the new BOSS fibres. For a few (∼ 2000) galaxies of our initial sample of early-type galaxies, stellar masses were not provided and these galaxies were also removed from the sample.
Additionally, we iteratively removed all 5-σ outliers of the two main fundamental plane calibrations presented in this paper (see the next three subsections). To this end, we used a Levenberg-Marquardt algorithm and least squares using a 5-σ clipping as implemented in astropy (Astropy Collaboration et al. 2013; Price-Whelan et al. 2018) .
After applying all these filters, we ended up with the final sample of 317 285 early-type galaxies used for all our fundamental plane calibrations. The main contributions to our early-type galaxy sample are the SDSS main galaxy sample with 181 719 galaxies, the BOSS low-z sample with 71 311 galaxies, and the SDSS LRG sample with 60 505 galaxies. Additionally, there are minor contributions from other samples obtained using the SDSS fibres (162 galaxies), the CMASS samples (16 galaxies), and a poorly defined subsample obtained with the BOSS fibres, but no selection-flags set (3 579 galaxies). As illustrated in Figure 4 , the selection criteria for most (aside from the SDSS main galaxy sample) of the different subsample are non-trivial.
6 https://www.sdss.org/DR15/spectro/galaxy_portsmouth/
Fitting the traditional fundamental plane
Since we primarily intend to use the fundamental plane as a distance indicator, we aimed to minimize the scatter in the physical radii R e . This can be best achieved using a direct fit (Sheth & Bernardi 2012 ) applied on Equation 1. By inverting Equation 20 , we could use the predicted physical radii for given surface brightnesses and central velocity dispersions to derive the angular diameter distances for the traditional fundamental plane by comparing it to the observed angular radii. We used our group catalogue again on the resulting fundamental plane distances and calculated the median fundamental plane distance to every detected group. Thereby, we improved the distance estimates to all groups containing more than one early-type galaxy by taking the average of the fundamental plane distances to all members and thereby reducing the statistical uncertainty.
Distances corrected for systematic residuals
We intentionally did not apply a correction for various selection effects (e.g. Malmquest bias, saturation bias, and colour-cuts). We attempted to consider these effects using the method of volume-weights (Sheth & Bernardi 2012; Saulder et al. 2013 ), but due to various sub-samples of SDSS/BOSS contributing to our sample and their sometimes difficult to reproduces selection criteria and affected crosscorrelations with the main parameters of the fundamental plane, we were not able to get useful results. Hence, we considered the methods used in 6dFGSv (Magoulas et al. 2012; Howlett et al. 2017; Qin et al. 2018) . While a fully Bayesian approach to correct for the biases after the traditional fundamental plane calibrations would run into the same problems as the volume-weights due to insufficiently well-defined selection criteria of several subsamples, we settled for a slightly simpler but effective model inspired by that method.
The distances obtained using the traditional fundamental plane following the method of the previous section are systematically biased due to various selection effects (illustrated in Figure 5 for the strong dependence on the absolute magnitude of the fundamental plane residuals). To correct for this, we measured the average systematic offsets in the apparent magnitude-redshift plane within bins (see Figure 6 ). We choose this parametrization, because some of the selection effects create relatively clear cuts. We designed the bins to be one magnitude times 0.04 in redshift wide. We sampled at twice the resolution of the bins sizes, so that the data in each bin is partially shared with its neighbours. We then fit a fourth-order (second-order has notable problems for the faintest and brightest galaxies, thirdorder was off-set in the centre) two-dimensional polynomial to these bins and used it to obtained the correction function: f cor m app,cor , z group . log 10 R e,cor = a·log 10 (σ 0 )+b· µ e +c·+ f cor m app,cor , z group .
(22)
Using the correction function to obtain corrected sizes R e,cor for the fundamental plane galaxies and using them in turn to calculate distances, we were able to largely remove luminosity and redshift dependent biases and selection effects. As illustrated in Figure 6 , our correction function can reproduce the mean residuals in the bin very well within the range of our galaxy sample. Beyond the range of our sample of early-type galaxies, the function is barely constraint, but also irrelevant for our analysis.
The expanded fundamental plane
The simplest way to reduce scatter in a relation is by adding additional terms (and thereby also free parameters) to account for previously unconsidered correlations.
To distinguish the coefficients of the expanded fundamental plane from the coefficients of the traditional fundamental plane, we added the index exp to the coefficients in Equation 23. When testing for systematic biases and studying the residuals of the fundamental plane, we found that for our specific SDSS-based sample that the single best expansions of the fundamental plane is the stellar mass M * obtained by the Wisconsin method (Chen et al. 2012 ) using Maraston models (Maraston & Strömbäck 2011) . We also tested other stellar mass estimates provided by SDSS such as the one based on Maraston et al. (2009) , but found that the Wisconsin method yielded the best results for our applications. 
RESULTS
Group catalogue
We used 1 473 971 galaxies from SDSS (Aguado et al. 2018) and 6 629 galaxies from 2MRS (Huchra et al. 2012 ) to create a group catalogue out to as far as a redshift of 0.5 while covering the 9 376 square degree footprint of the SDSS spectroscopic sample. The group catalogue was constructed using a Friends-of-Friends algorithm, for which we calibrated the linking length based on mock catalogues derived from the WMAP7 re-run of the Millennium simulation (Guo et al. 2013 ) and the selection criteria for the various samples that compose SDSS/BOSS and 2MRS, taking into account all significant biases. However, the direct implementation of the selection criteria yielded a far too low galaxy density (see Figure 2 ), which required us to fine-tune the sample selection for the mock catalogues. The colour cuts of the LRG, BOSS low-z and CMASS sample are especially sensitive to small systematic offsets between the semi-analytic galaxy models of Guo et al. (2011) and observations. The inclusion of 2MRS partially compensated the saturation bias of the SDSS spectroscopic sample by supplying redshifts to nearby bright galaxies. It assures that the brightest group galaxies are included, making sure the group centre is found correctly.
With our optimized FoF group finder algorithm, we detected 165 132 groups and 997 161 individual galaxies within our SDSS/BOSS/2MRS dataset consisting of 1 480 600 objects. This does not necessarily mean that all the individual galaxies that are not members of detected groups are isolated galaxies, but that due to Malmquist bias and other selection effects, we often only detected the brightest galaxy in many of these groups. We find 3 467 groups with ten or more members and 25 groups even contain more than a hundred galaxies. Naturally, the (apparently) richest groups are at lower redshifts (see Figure 7) , which is expected since there the sample is the most complete, because it was derived from primarily magnitude-limited surveys. The majority of the saturation bias of SDSS was successfully corrected by the inclusion of 2MRS data. Overall, the group catalogue shows the expected properties, given the dataset used to create it. The complete group catalogue can be found in Tables  B1 and B2 .
The primary application of the group catalogue in this paper was to collapse the huge redshift space distortions (Finger of God effect) caused by the proper motions of galaxies in clusters and to be able to derive more accurate fundamental plane distances for rich clusters by combining the distances derived for different individual galaxies in said clusters. To be more specific, of our 318 149 early-type galaxies, 182 057 are individual galaxies and the remainder is located 75 822 different groups. Within these groups, 43 851 only contain one early-type galaxy for which we have fundamental plane distances. This leaves 31 971 groups hosting at least two early-type galaxies and 4 864 groups contain four or more early-type galaxies, which means that we could reduce the error of the distance measurements by about a factor of two. By combining the redshift measurments of several cluster members, we were able to largely remove the scatter introduced by the virial motions in said clusters. Additionally, the combination of independent fundamental plane distance measurments to several early-type galaxies within these clusters, we were also able to reduce the scatter on the distance measurements, save for residual systematic uncertainties. 582 groups even host at least ten early-type galaxies resulting in even better distance estimates for them. Furthermore, the group catalogue allowed for a comparison of our results with Tully-Fisher relation distances and the distance from the CosmicFlows-3 sample.
With our catalogue, we reached beyond the group catalogue of Yang et al. (2007) , which was limited by the SDSS DR7 spectroscopic sample and did not provide any groups at very low redshifts (z < 0.05). The RedMapper catalogue (Rykoff et al. 2014 ) also excluded galaxies below a redshift of 0.08, but it has a bigger sample, since it also contains galaxies with only photometric redshifts. However, for the comparison with the Tully-Fisher relation and the CosmicFlows-3 dataset, nearby clusters are crucial, hence we could not just use the RedMapper catalog. We also moved beyond the limited depth (z < 0.1) of the Saulder et al. (2016) catalogue, which is completed at the low redshift range. Thereby, our improved group catalogue presented in this paper provides the ideal properties for our application to improve the fundamental plane distance measurements and compare them to other distance indicators.
Traditional fundamental plane
We fitted the traditional fundamental plane using Equation 1 to our sample of 317 285 early-type galaxies. Thereby, we obtained the coefficients and root-mean square listed in Table 1 . The fit is illustrated in Figure 8 . The complete catalogue of fundamental plane distances derived using this method can be found in Table B3 . These calibrations were not corrected for any biases and selection effects yet, because of the various overlapping sample these effects and cross-correlations arising from them are extremely difficult to estimate. Hence, the hereby obtained coefficients are only to be used for the same SDSS/BOSS dataset, and not for any other galaxies without additional corrections. We discuss an effective correction for the distances obtained using these calibrations in the next section.
The root-mean square of the fundamental plane is smaller in the redder filters. Hence, we use the z band for our distance measurements. In Saulder et al. (2013) , it was shown that a combination of traditional fundamental plane distances from different filters would not improve the distance estimate beyond what one can reach in the band with the smallest root-mean square due to tight correlations of the fundamental plane parameters in between the different bands. We repeated this test with our data and could confirm their results. We find that the relative scatter of the traditional fundamental plane seems to slightly decrease (stays constant for absolute values after rising with distance at lower redshifts) for higher redshift galaxies, as illustrated in Figure 9 . In the z band, we found a mean relative distance uncertainty of the fundamental plane of 18.4% when combining it with our group catalogue. The distance uncertainty without the group catalogue lies at 20.2%, which nicely illustrates the improvement achieved by combining the fundamental plane distances with our group catalogue. About 0.3 percentage points of this uncertainty can be attributed to systematic redshift bias, because of the hidden redshift dependences in the evolution corrections as well as the correction for the Tolman effect. When studying the residuals of the fundamental plane, we found a notable dependence on the galaxies' absolute magnitudes (see Figure 5 ). Distances to the intrinsically fainter early-type galaxies are systematically overestimated by almost a factor of two, and distances to the intrinsically brightest early-type galaxies are systematically underestimated. Considering the saturation bias of some of the SDSS spectroscopic sample as well as the Malmquist bias of the magnitude limited parts of the survey, this causes a systematic overestimation of the distances to the most nearby objects and an underestimations of the distances to the farthest galaxies. A closer investigation of the biases and selection effects lead us directly to the effective model discussed in the next section as well as to the expanded fundamental plane.
Distances corrected for systematic residuals
The dominant bias of affecting the distances obtained using the tradition fundamental plane correlates with the absolute magnitude of the respective galaxies (see Figure  5 ). Since these absolute magnitudes were calculated using the redshift-based distances, we could not directly use them to remove the residuals created by them. In fact, the selection effects and cut-offs are best constraint in the redshift-apparent magnitude plane. Therefore, by applying the method described in Section 3.5, we mapped the average residuals in this plane within bins and fitted a polynomial to obtain a correction function (see Figure 6 ). The correction function is well constraint with the range of our sample, which was sufficient for our applications. Using Equation 22, we adjusted the predicted radii of the early-type galaxies for these systematic residuals.
We used these corrected radii to obtain distances (see Figure 10 ) to the early-type galaxies in our sample, which are provided in Table B4 . Aside from removing systematic effects created by the various selection criteria, this method also reduces the overall scatter of the fundamental plane distances to 15.9% without and 14.5% with the group catalogue. Since the correction function by its very definition is redshift dependent, one might suspect that the redshift-dependent systematics might increase, but they actually slightly decrease to 0.2 percentage points of the scatter. 
The expanded fundamental plane
Here, we present the results of our calibration of the expanded fundamental plane, which was explained in Section 3.6. We start by examining the short-comings of the traditional fundamental plane, which motivated us to proceed with this alternative calibration. The residuals of the traditional fundamental plane are strongly correlated with the estimated stellar masses of the galaxies (see Figure 11) . Despite the notable scatter of the stellar masses of the spectro-photometric Wisconsin method (Chen et al. 2012 ) using Maraston models (Maraston & Strömbäck 2011) , one can clearly see a systematic effect. It becomes more striking, when one uses the higher quality stellar masses for MaNGA galaxies (Graham et al. 2018) . As already illustrated in Figure 5 , the residuals also correlated with the absolute magnitudes, which is expected, since the stellar mass and the (redder) absolute magnitudes also correlate with each other. The simplest way to incorporate this in the fundamental plane calibrations is by expanding with a term proportional to the logarithm of the stellar mass. 
By fitting Equation 23
to the data, we obtained the values listed Table 2 for the coefficients of the expanded fundamental plane. As illustrated in Figure 12 , this fit is notably tighter than for the traditional fundamental plane (see Figure 8 ) and it reduced the uncertainty of the individual fundamental plane distances to 9.6% and to 9.0% when also applying the group catalogue to further reduce the scatter. This is a significant improvement in the distance estimates (see Figure 13) . However an explicit systematic redshift dependence gets more complex. In contrast to the redshift dependent systematics of the traditional fundamental plane, the magnitude of the systematics for the expanded fundamental plane correlates with the redshift itself as well. In the case of nearby galaxies (redshifts below 0.03), we have a contribution of 1.7% redshift dependent systematic bias. It continuously shrinks to almost zero (0.07 %) for redshifts of 0.2 and higher. On average for the entire sample, we find a contribution to the overall scatter due to systematic redshift bias is with 0.4 percentage points of the same magnitude as the traditional fundamental plane. This systematic bias arose from a combination of the redshift dependence of the Figure 14 . Comparison between Tully-Fisher relation distances and various fundamental plane and redshift-based distances. Error bars were omitted in this figure to avoid overcrowding, but they were of about the same size as in Figure 15 .
evolution correction, the correction for the Tolman effect, and the additional systematics caused by the use of the stellar masses. We provide a complete catalogue of expanded fundamental distances derived using this method in Table  B5 .
Comparison with Tully-Fisher relation data
We cross-matched galaxies with known Tully-Fisher relation distances within the NASA/IPAC Extragalactic Database with our group catalogue and found 4 481 objects. To be more precise, we found 20 900 Tully-Fisher relation based distance measurements for 4 481 unique galaxies. As a consistency check, we compared the Tully-Fisher distances to the redshift-based distances and found an overall scatter of 27.6% (and 23.5% for groups) hosting them, which is about the magnitude expected for it, considering the database contains distances from various sources. Since the Tully-Fisher relation only works for late-type galaxies and the fundamental plane only works for early-type galaxies, we do not have a direct overlap between the distance indicators. Hence we had to take advantage of our group catalogue. We selected every cluster that had at least one galaxy with Tully-Fisher relation distances and at least one galaxy with fundamental plane distances. 539 groups in our dataset fulfilled this requirement. Also illustrated in Figure 14 , we find poor agreement with the traditional fundamental plane (41.7% error on average), which is mostly because the traditional fundamental plane tends to overestimate distances due to the saturation bias of SDSS the parameters being optimized for the bright galaxies due to our sample selection. The bright- Figure 15 . Comparison between Tully-Fisher relation distances and various fundamental plane and redshift-based distances for groups that host at least three late-type and at least three earlytype galaxies.
est galaxies are missing in the overlapping region between our fundamental plane distances and the Tully-Fisher relation distances. After correcting for the systematic biases of the traditional fundamental plane, we still found a sizeable scatter of 37.0% when comparing them to Tully-Fisher relation data. With our expanded fundamental plane, which also considers the stellar masses of the galaxies, we obtained a 31.3% scatter between the Tully-Fisher relation distances and the distances derived from the expanded fundamental plane. These values are marginally better than the scatter between the redshift-based distances and the Tully-Fisher relation distances of 29.4%. This subsample is still plagued by occasional interlopers due to imperfections of the group catalogue. When looking at richer groups, that contain at least three galaxies for which we have Tully-Fisher relation distances in our database and at least three galaxies for which we derived fundamental plane distances, we found even stronger correlations for the 45 groups that fulfil these criteria (see Figure 15) . Thereby, we reduced the impact of interlopers and imperfections of our group catalogue as well as increased the statistical quality of the distance estimate to each cluster for all methods. To be more precise, the scatter between the redshift-based distances and the Tully-Fisher relation distances is 7.5%, while the scatter between the traditional fundamental plane and the Tully-Fisher relation distances is 18.7%. Interestingly, the scatter for the corrected fundamental plane is with 17.0% only marginally lower, but it visibly reduced the systematic offset present in the traditional fundamental plane (see Figure 15) . The expanded fundamental plane yields a scatter of 10.8%, when compared Figure 16 . Comparison between CosmicFlows-3 distances and various fundamental plane and redshift-based distances. Error bars were omitted in this figure to avoid overcrowding, but they were of about the same size as in Figure 17 .
to the Tully-Fisher relation for the richer groups sample, and thereby also provides the best agreement between the two methods.
Comparison with CosmicFlows-3 data
The CosmicFlows (Tully et al. 2016 ) projects collects distances from a multitude of different methods to model the matter distribution in the local universe and the peculiar motion field. We matched the 17 669 CosmicFlows-3 galaxies to our group catalogue and excluded all galaxies in the CosmicFlows sample for which the distances were only obtained using the traditional fundamental plane (marked with P or F in their catalogue). We found 2 955 galaxies fulfilling these requirements. When comparing these distances provided by CosmicFlows-3, after rescaling to the cosmology used in our paper, to redshift-based distances for the same galaxies, we found a scatter of about 27.5% (and 24.9% for groups). We further restricted our sample in the same way as in the previous section by selecting only groups that have at least one galaxy for which we have fundamental plane distances, and one galaxy for which we have an alternative distance estimator. This left us with 339 groups (see Figure 16 ), that yielded correlations similar to our previous findings. The redshifts agree with a scatter of 19.7% to the CosmicFlows distances. The traditional fundamental plane exhibits the same bias as before and we obtained a scatter of 36.9%, when comparing it to the CosmicFlows distances, again due to the same systematics already discussed with the Tully-Fisher relation distances. After correcting for the dominant systematics in the residuals of the fundamental plane, we got a scatter of 31.7% between the corrected fundamental plane distances and the CosmicFlows distances. Expanded fundamental plane yields a scatter of 23.5% when compared to the CosmicFlows distances.
We refined our sample by restricting it to rich groups that have at least three galaxies for which we have obtained fundamental plane distances and also at least three galaxies for which we have alternative distance measurements from CosmicFlows-3. Thereby, we found 29 groups. The scatter Figure 17 . Comparison between CosmicFlows-3 distances and various fundamental plane and redshift-based distances for groups that host at least three galaxies with fundamental plane distances and at least three galaxies with complementary distance measurements. between the redshift-based distances and the CosmicFlows distances was found to be 12.7% for this subsample. The traditional fundamental plane clearly (see Figure 17) exhibits the same systematic offset as in the case of the Tully-Fisher distances and yields a scatter of 27.3% compared to the CosmicFlows distances. Again the corrected fundamental plane produces a slightly lower scatter of 26.7% and the expanded fundamental plane a notably lower scatter of 18.8%.
Comparison with Supernova Type Ia data
We took the catalogue of Supernova Type Ia distances 7 from Betoule et al. (2014) and cross-matched it with our catalogue of various fundamental plane distances. We found that 33 of our early-type galaxies hosted Supernovae Type
Distance measurements to ETG by improving the FP 15
Ia from that catalogue. Again the traditional fundamental plane performs poorly in comparison to the Supernova Type Ia distance and we found a scatter of 27.8% (see Figure 18) . The corrected fundamental plane distances have a scatter of 25.0%, when compared to the Supernova Type Ia distances. The expanded fundamental plane yields with a scatter of 21.0% compared to the Supernova Type Ia distances.
DISCUSSION
It can be difficult to tell, which is the optimal way to implement the fundamental plane as distance indicator. Several issues arise from the fact the SDSS spectroscopic sample is a mostly magnitude-limited, but not completely due to some colour-selected subsamples, as well as suffering from a saturation bias. Hidden and explicit redshift-dependences are problems, when one intends to use the fundamental plane as a redshift-independent distance indicator. By examining the advantages and disadvantages of the various fundamental plane calibrations and definitions, which we provided in the previous section, we want to illustrate which calibration is best-suited for which application.
Sample selection and basic methods
One of the main goals of this paper is to maximize the sample size of galaxies with fundamental plane galaxies. To this end, we had to move beyond our previous selection criteria (Saulder et al. 2013 (Saulder et al. , 2015 , which were dominated by the limitations of GalaxyZoo (Lintott et al. 2008 (Lintott et al. , 2011 . The citizen science project GalaxyZoo only provided visual morphological classifications for the galaxies covered by SDSS DR7 (Abazajian et al. 2009 ). Alternative approaches providing morphological classifications using machine-learning (Domínguez Sánchez et al. 2018) were also limited by their restricted sample selection (again SDSS DR7). While there are advantages in the more clearly definied such as SDSS DR7, it excludes valuable galaxies even many at the lower redshift range. As illustrated in Figure 4 , we used a composite SDSS/BOSS sample based on its latest data release (Aguado et al. 2018) . Our selection criteria (see Appendix A2) did not restrict our sample to any specific subset of SDSS/BOSS. Which means that if there is sufficient quality data for a galaxy in SDSS, it was used in our sample. If we had restricted ourselves to SDSS DR7, we would have missed out on 72 262 galaxies, which is a significant fraction of our dataset. The size of our sample beyond SDSS DR7 was also the reason, why we only used the data from Simard et al. (2011) and Mendel et al. (2014) only for additional tests and we could not take advantage of the data of Meert et al. (2015) and Meert et al. (2016) . Our quality selection criteria ensured that our sample became increasingly sparse at higher redshifts and thereby avoiding problematic galaxies and uncertain parameter estimates. We barely had any CMASS galaxies in our sample of early-type galaxies and thereby avoided most of the problems described in Bernardi et al. (2011) and Montero-Dorta et al. (2016) .
We used the de Vaucouleurs magnitudes and sizes from SDSS, because we found in Saulder et al. (2013) that they yield the best fitting values for the fundamental plane. The composite model and Petrosian magnitudes and sizes performed worse and in the Appendix of Saulder et al. (2015) , we also showed weaker fits for the Sersic models of Simard et al. (2011) . In contrast to this, Bernardi et al. (2017a) and Bernardi et al. (2017b) found notable deficiencies in the profile fits provided by SDSS, especially at their outer edges. However the alternative catalogues provided by them are limited to the SDSS DR7 spectroscopic sample, which cause the same problems as the other catalogues mentioned earlier. We also tested various stellar mass models provided by the SDSS database. We found that stellar masses of the Wisconsin method (Chen et al. 2012 ) using Maraston models (Maraston & Strömbäck 2011) works best for the expanded fundamental plane calibrations. Alternatively, we used the passive port of the stellar mass models of Maraston et al. (2009) , which yielded a expanded fundamental plane with a larger scatter than the one provided in Section 4.4. With the stellar masses of Maraston et al. (2009) , we found some very interesting relations for an alternative distance calibration briefly explained in Appendix C. This relation was tentative at best and did not reappear with the stellar masses of the Wisconsin method.
Traditional fundamental plane
The traditional fundamental plane has been used for about three decades and during this time various approaches, on how to calibrate it and apply it, have been developed. Since in this paper, we primarily view the fundamental plane as a distance indicator, we restrict ourselves to direct fits, which according to the very detailed work of Sheth & Bernardi (2012) , yield the most-suitable coefficients for our applications. The selection effects due to the survey design were another issue. The common way to address it is to derive unbiased fundamental plane coefficients using volume-weights. However, given the combination of colour cuts and magnitude limits make this approach unfeasible. Hence, as illustrated in Figure 5 , our sample is clearly biased. Our sample contains a disproportionally large number of bright galaxies. Since the traditional fundamental plane residuals have a strong dependence on the stellar mass, and thereby the luminosity, we would underestimate distances for bright (and thereby on average further away) galaxies. Hence, we did not use such bias corrections for our calibrations, because we wanted to gain the best-suited coefficients for our biased galaxy sample that yields the smallest error in terms of distance measurement for said sample.
One of our goals for this paper is to provide the largest possible sample of fundamental plane distances that one can obtained from the latest data release of SDSS. To this end, we slightly relaxed the selection criteria for what qualifies as an early-type galaxy in some aspects (but also tightened them up in other aspects) compared to previous work (Saulder et al. 2013 (Saulder et al. , 2015 (Saulder et al. , 2016 . The most notable difference was dropping the GalaxyZoo (Lintott et al. 2008) classifications in favour of a more reproducible method using colours and profile fits. Thereby, we were also able to move beyond SDSS DR7 (Abazajian et al. 2009 ), the basis of GalaxyZoo, and include significantly more galaxies than in previous calibrations (Saulder et al. 2013 (Saulder et al. , 2015 . We could identify 334 388 early-type galaxies with our method and while calibrating the fundamental plane, we excluded notable outliers, mildly Table 3 . Summary of the different methods to obtain fundamental plane distances presented in this paper as well as redshift-based distances for comparison. First column: name of the method; second column: overall average error in the distance estimate for individual galaxies; third column: overall average error in the distance estimate for galaxy groups; forth column: average systematic redshiftdependent error of the distance estimate; fifth column: range of the systematic redshift-dependent error of the distance estimate due to redshift-space distortions; sixth column: scatter between the respective distance indicator and the Tully-Fisher relation distances using the complete overlapping sample; seventh column: scatter between the respective distance indicator and the Tully-Fisher relation distances using only rich clusters in the overlapping sample; eighth column: scatter between the respective distance indicator and the CosmicFlows-3 distances using the complete overlapping sample; ninth column: scatter between the respective distance indicator and the CosmicFlows-3 distances using only rich clusters in the overlapping sample; tenth column: scatter between the respective distance indicator and Supernova Type-Ia distances.
reducing our sample to 317 285 for which we were able to derive fundamental plane distances. D'Onofrio et al. (2008); Nigoche-Netro et al. (2009) have already shown that fundamental plane varies for different luminosity and velocity dispersion ranges. When varying our selection criteria slightly for the luminosity (absolute magnitude) and central velocity dispersion ranges, we found that galaxies with very low central velocity dispersions have the most impact on the quality of our calibrations. However, a cut in this parameter also affects the sample size, which we want to keep as large as reasonably possible. Therefore, we compromise for an uncorrected velocity dispersion limit of 100 km/s, which was previously used in Saulder et al. (2015) , and this only reduced the sample size by about 10 000 galaxies, while decreasing the distance uncertainty by 0.4 percentage points. This was a reasonable trade-off in our opinion. An additional improvement of the fundamental plane calibrations was achieved by our group catalogue. It allowed us to correct for the redshift space distortion caused by the peculiar motions of galaxies in clusters. This worked in two ways. First, it help with the calibration of the fundamental plane (or actually fundamental planes, since we also used the same method for the stellar mass fundamental plane), because we used the median group redshift instead of the individual redshifts of the galaxies, when we derived the fundamental plane parameters 8 . Additionally, we used it to reduce the distance uncertainties to groups that hosted more than one early-type galaxy for which we were able to derive a fundamental plane distance. By taking the median of the fundamental plane distance of the different early-type galaxies, we could improve the distance estimate to these groups and clusters significantly. Using the median instead of the mean has the advantage that it is less sensitive towards interlopers that plague all FoF-based group catalogues. The group catalogue will also help us in our future research, when we will take a quality selected subsample from our distance catalogue to study peculiar motions.
The magnitudes used for the traditional fundamental plane were corrected for evolutionary effects using Equation 15, which based on the established method by Bernardi et al. (2003) . Assuming a constant number density of the brightest galaxies, we derived a Q parameter of 0.71 mag/z, which is slightly lower than previous estimates (Bernardi et al. 2003; Saulder et al. 2013 ) using different methods. We argue that adjusting the evolution effects for the brightest galaxies is sufficient for our application, because at the higher redshifts, when evolution becomes the most relevant, those galaxies are the only ones still detected within the sample. However, evolution corrections have an explicit redshift dependence, which creates a small systematic bias. Furthermore, the surface brightnesses used for the fundamental plane have to be corrected for Tolman effect, which dims surface brightnesses as a function of the cosmological redshift (hence distance). Although the K-corrections are, by their very nature, also redshift-dependent, this is not an issue for them. The K-correction only corrects the shift in the spectral energy distribution, which depends on the observed redshift (caused by peculiar motions and the Hubble expansion). Therefore, there is no implicit pure distance dependence on this correction (it does not matter what caused the redshift). In contrast to this, the evolution correction as well as the correction for the Tolman effect depend explicitly on the cosmological redshift which correlates with the distance. However, one cannot measure the cosmological redshift directly, because in practice, the observed redshift is the sum of the cosmological redshift and the redshift caused by peculiar motions. In order to estimate the systematic effect, we introduced a Gaussian scatter of the same magnitude as the average 1-dimensional peculiar velocities of the groups (∼ 340 km/s) with the help of our mock catalogues. By comparing the distances obtained from the perturbed and unperturbed data, we found a systematic bias of 0.3% on the distance estimates caused by the hidden redshift-dependences and redshift-space distortions.
We tested the dependences of the residuals of the traditional fundamental plane on several parameters. We focussed on parameters that are (mostly) independent of the parameters of the traditional fundamental plane. Using the data of Simard et al. (2011) , we could not find any dependence on the Sersic parameter for our sample of early-type galaxies. There is a clear dependence on the number of (early-type) galaxies per group, which will be discussed in the section in more detail. Also the the dependence on the stellar masses (Maraston & Strömbäck 2011; Chen et al. 2012 ) will be discussed along with the expanded fundamental plane. Using the data from MaNGA (Bundy et al. 2015) , we were able also test the dependence on the λ R parameter, which according to (Graham et al. 2018) correlates with the stellar mass. However using the same data, we could not find any notable dependence between the λ R parameter (Emsellem et al. 2007 ) and the residuals of the traditional fundamental plane. We did not find any correlation for the residuals and galaxy colours or axis-ratios.
Corrected fundamental plane
To account for the systematic biases of the traditional fundamental plane, we measured the mean residuals in bins in redshift-magnitude space. By adding a fitting function based on the residuals to the fundamental plane, we were not only able to remove the most dominant systematic bias, but also notably reduced the scatter. This correction also removed the systematic offset of nearby galaxies in rich clusters seen in Figures 15 and 17 . We illustrated in Figure 19 that it the systematic bias that correlates with the richness (in earlytype) galaxies of the groups/clusters is visibly reduced. Furthermore, there is no systematic offset of the residuals of corrected fundamental plane for nearby clusters in contrast to the traditional fundamental plane.
Aside from removing notable systematics, the overall scatter of the corrected fundamental plane is reduced to 14.5%. Despite our correction function being redshiftdependent, the overall redshift-dependent systematics due to redshift-space distortions are with just 0.2% comparable to the ones from the traditional fundamental plane. The correction function, which we used is just a simple and effective model, that is best suited for our large and complex sample of early-type galaxies. There is some room for further improvement to get possibly better distances using a fully Bayesian model similar to Howlett et al. (2017) and Qin et al. (2018) to correct for systematics, but only for a smaller and well-defined subsample. However to maximize the galaxy sample, the corrected fundamental plane is the best save improvement of the systematically biased traditional fundamental plane calibrations.
Expanded fundamental plane
There is a clear (absolute) luminosity dependence of the traditional fundamental plane (see Figure 5 ), which naturally causes problems for magnitude-limited surveys. Also one cannot use the absolute magnitudes obtained from redshiftdistances to improve the (redshift-independent) fundamental plane without being plagued by countless other systematic biases. Aside from using the corrected fundamental plane, we tried to address this in many different ways, which are briefly discussed in Appendix C. The stellar mass roughly correlates with the absolute magnitudes and it can be estimated by fitting spectro-photometric models of the spectral energy distribution using the method of Chen et al. (2012) and the models of Maraston & Strömbäck (2011) as provided by SDSS. By using their stellar masses as an additional parameter for the fundamental plane 9 , we could noticeably reduce the scatter of the distances obtained from this relation. As illustrated in Figure 11 , higher quality stellar masses (Graham et al. 2018) as those derived from integral field surveys such as in this case of MaNGA (Bundy et al. 2015) , have the potential to further improve the distance estimates. We also tested other stellar mass estimates provided by SDSS such the photometric stellar masses using the method of Maraston et al. (2009) and Maraston et al. (2013) . We found a notably larger scatter than using these stellar masses and the coefficients would be different. Most notably the a exp coefficient is more important with the photometric stellar masses than with the spectro-photometric stellar masses. This makes sense, since the central velocity dispersion was used the calibrations using the method of Chen et al. (2012) .
For our definition of the expanded fundamental plane (see Equation 23), we took advantage of the dominant bias and added a term to the traditional fundamental plane for the stellar mass dependence. This way we could remove the some of the systematic bias at low redshift while also significantly reducing the overall scatter of our distance estimates. We found a scatter of 9.6% for the distances obtained from the expanded fundamental plane, when compared to the redshift-distance used for calibration. The average systematic redshift dependent bias is with 1.1% , which is notably larger than for the traditional and corrected fundamental plane. However, there is the hidden redshift dependence in the stellar mass models used, which was difficult to exactly quantify. Therefore to test its impact on the systematics, we simply rescaled the stellar masses according to the introduced redshift perturbation introduced in the previous subsection by considering the difference in real and derived luminosity distance). Another problem is that the magnitude of the systematic bias depends on the the redshift itself and reaches higher values (up to 2%) for nearby galaxies. This will have to be taken into account, when deriving peculiar motions from these distances.
Comparison with other distance indicators
In order to test our fundamental plane distances, we compared them to both redshift-based distances and other distance indicators. Since we used them for calibrations, we have redshift-based distances to all galaxies in our sample at our disposal. Additionally, we obtained Supernovae Type Ia distance to a small subset of our galaxies. Furthermore, by using our group catalogue, we were able to determine TullyFisher relation distances to nearby groups hosting both early-and late-type galaxies and used them for comparison as well. Moreover, we took advantage of the CosmicFlows-3 (Tully et al. 2016) sample to test our distance estimates. The comparison with the redshift-based distances yielded an upper-limit for the statistical error of our calibration, because the redshift-based distances are biased themselves by the peculiar motions of the galaxy groups 10 . Furthermore, the complementary distance indicators allowed us to test the quality of our calibrations and to better check for any Figure 19 . Dependence of the fundamental plane residuals on the number of early-type galaxies per group. Left panel: residuals of the traditional fundamental plane using the entire sample; central panel: residuals of the traditional fundamental plane only using the galaxies with a redshift of less than 0.1; right panel: residuals of the corrected fundamental plane using the entire sample.
systematic biases (see Table 3 for a brief overview and comparison of our results).
It is impossible to compare Tully-Fisher relation distances and fundamental plane distances directly, because by their very definition they target mutually exclusive types of galaxies. However our group catalogue allowed us to compare these two distance indicators for several galaxy groups and clusters. The slight disadvantage of this method is that group catalogues are not perfect and there might be interlopers affecting the dataset. The only ways to minimize this effect is by taking rich groups and median distances. When just merging the Tully-Fisher relation distances obtained from the NASA/IPAC Extragalactic Database with our group catalogue and comparing them to the redshiftbased distances, we obtained an uncertainty of about 23.5% (23.5% without the group catalogue), which is worse than the traditional fundamental plane. Considering that the Tully-Fisher relation distances are compiled from various sources, both indicators can be considered to be of about the same overall quality. However, the traditional fundamental plane exhibits a strong systematic bias (see Figure  14) at short distances, which becomes very apparent in this test, because Tully-Fisher relation data only reaches out to about 300 Mpc. This is due to the SDSS saturation bias, which excludes the brightest galaxies from the main galaxy sample) in the nearby universe as well as due to selection effects introduced by the survey design. As illustrated in Figure 5 , there is a systematic bias in the traditional fundamental plane depending on intrinsic brightness of galaxies. Therefore, the fundamental plane distances, which are calibrated for the entire range of magnitudes 11 of the SDSS and BOSS sample, are systematically overestimated. In contrast to this, both the corrected fundamental plane and the expanded fundamental plane are not affected by this bias, not even for rich clusters where it is the most striking for the traditional fundamental plane (see Figure 15) .
We repeated the same procedure with the CosmicFlows-3 (Tully et al. 2016 ) dataset from which we only excluded all fundamental plane distances. The advantage of the CosmicFlows-3 sample compared to the Tully-Fisher relation distances obtained from NED are that it is consistently calibrated. As illustrated in Figures 16 and 17 , the overall behaviour is fairly similar to the Tully-Fisher relation distances sample. Due to the overlap between the two samples, this is expected.
Supernovae Type Ia are rare, but out of the 740 supernovae in the database of Betoule et al. (2014) , we found 33 within our sample of galaxies with fundamental plane distances. The main advantage of the supernovae Type Ia dataset is that they cover a much wider range in distances than the Tully-Fisher relation dataset. The supernovae Type Ia dataset does not show any notable systematic biases (see Figure 18 ) for any fundamental plane. Furthermore, there is a minor discrepancy between the redshifts from the supernova catalogue and the SDSS redshifts, but using the other redshifts from the supernova catalogue instead only marginally decreases the error between the supernovae distances and the redshifts to 7% 12 , while slightly increasing all other errors.
SUMMARY AND CONCLUSIONS
We used the latest data release from SDSS (Aguado et al. 2018) to derive the largest set of fundamental plane distances to date. We provided a comprehensive catalogue of fundamental plane distances to 317 285 galaxies up to a redshift of 0.4. We calculated distances using the traditional fundamental plane, as well as two alternative variants of the fundamental plane, which we called the corrected fundamental plane and the expanded fundamental plane. Additionally, we constructed a FoF group catalogue based on the SDSS spectroscopic sample up to a redshift of 0.5, which was supplemented by 2MRS (Huchra et al. 2012 ) data to partially compensate for the saturation limit of SDSS spectroscopy. This group catalogue helped us to reduce the scatter of distances obtained from the traditional fundamental plane from an average of 20.2% down to an average of 18.4%. Additionally, it allowed us to conduct further tests of our distance calibrations by helping us to compare our fundamental plane distances to Tully-Fisher relation distances obtained from NED, distances from the CosmicFlows-3 (Tully et al. 2016) sample, and supernovae Type Ia distance obtained from (Betoule et al. 2014) .
We defined the corrected fundamental plane to combat systematic biases affecting the traditional fundamental plane by adding a correction function that removes said biases. Although this function is explicitly redshift dependent, we did not measure any increase in the systematics due to redshift-space distortions. With a reduced scatter of the distance estimates to 14.5%, we consider best and safest way to improve the traditional fundamental plane. A more experimental way to even further reduce the uncertainties in the distance measurements is the expanded mass fundamental plane, which we obtained by adding a term proportional to the stellar mass to the definition of the traditional fundamental plane. While we were able to reduce the scatter of the distance measurements using the expanded fundamental plane to only 9.0%, which is half the value of the traditional fundamental plane, we found it to be strongly dependent on the specific stellar mass model. Furthermore, the cross-correlations between the stellar masses and various parameters created additional problems with the systematics from redshift-space distortions. While the improvements in the overall scatter are great for the expanded fundamental plane, the increased systematics will cause problems for future peculiar motion studies using these distances. We consider the corrected fundamental plane as the best approach of obtaining redshift-independent distances using our methods.
A detailed description of our complete set of catalogues can be found in Appendix B. In the future we hope to use quality selected subsets of our catalogues using some of the improved fundamental plane distances for peculiar velocity studies and to further our understanding of the matter distribution in the local universe.
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A2 Early-type galaxy selection
We required our sample of early-type galaxies to fulfil the following set of criteria:
• redshift lower than 0.5 (SpecObj.z < 0.5 ) • spectroscopically identified to be a galaxy 14 (SpecObj.class='GALAXY')
• central velocity dispersion between 60 and 420 km/s (SpecObj.veldisp> 60 AND SpecObj.veldisp< 420)
• decent spectroscopic signal-to-noise ratios (SpecObj.snMedian> 10)
• no edge-on or strongly inclined S0-galaxies (defined by an axis-ratio greater than 0.7) in any 15 band (PhotoObj.deVAB X < 0.7)
• likelihood for a de Vaucouleurs-profile has to be greater than for an exponential profile in every band (PhotoObj.lnLDeV X >PhotoObj.lnLExp X )
• de Vaucouleurs-profiles have high fitting fractions in every band (PhotoObj.fracDeV X > 0.8)
• object is increasingly brighter in redder bands (PhotoObj.deVMag g >PhotoObj.deVMag r > PhotoObj.deVMag i >PhotoObj.deVMag z )
• extinction corrected g-r is greater than 0.65 mag (((P.deVMag g-P.extinction g)-(P.deVMag r -P.extinction r ))> 0.65)
• extinction corrected g-z is greater than 1 mag (((P.deVMag g-P.extinction g)-(P.deVMag z -P.extinction z ))> 1.0).
For the selected objects, we downloaded the following parameters:
• photometric object ID (PhotoObj.objID), • DR7 photometric object ID (if available 16 ) for cross-matching with value-added catalogues (PhotoObjDR7.dr7objid )
• equatorial coordinates (PhotoObj.ra and PhotoObj.dec)
• galactic coordinates (PhotoObj.b and PhotoObj.l )
• spectroscopic redshifts (SpecObj.z )
• central velocity dispersions (SpecObj.veldisp)
• identifier of the spectroscopic instrument 17 (SpecObj.instrument)
• semi-major/minor axis ratio in every band (PhotoObj.deVAB X )
• de Vaucoleur radii in every band (PhotoObj.deVRad X ) • de Vaucoleur model magnitudes in every band (PhotoObj.deVMag X )
• galactic extinction values associated with the coordinates of these galaxies (PhotoObj.extinction X )
• stellar masses (if available) (stellarMassPCAWiscM11.mstellar median) according to Wisconsin method (Chen et al. 2012 ) using Maraston models (Maraston & Strömbäck 2011 ).
14 QSOs are not longer allowed, when compared to the sample used for the group catalogue. 15 We are referring to the main SDSS bands minus the problematic u band only. Therefore, by 'any band' or 'every band', we always refer to the SDSS g, r, i, and z-bands. 16 a LEFT (OUTER) JOIN in our SQL-code 17 if SDSS or BOSS fibres were used
A3 Selection of galaxies for fundamental plane calibrations
We further filtered the early-type galaxies selected according to Appendix A2 to obtain the sample, which we used for our fundamental plane calibration, by applying the following selection criteria:
• evolution corrected absolute magnitudes M abs between -25.5 mag and -19 mag in the z band
• g-r colour between 2.5 mag and -1.5 mag • radius of log(R e /kpc) between -0.5 dex and 1.5 dex in any filter
• uncorrected velocity dispersion greater than 100 km/s • redshifts less than 0.4 (in the CMB-rest frame)
Additionally, we used the sample after this first cleansing to determine the red sequence in the colour-magnitude diagram 18 . We removed:
• 5-σ outliers from the first iteration of the traditional fundamental plane in any filter
• g-z colour bluer than 1 mag • 3-σ outliers from the red sequence.
A4 Millennium simulation data selection
For the galaxies in the selected snapshots of the WMAP7 re-run by Guo et al. (2013) , we obtained the following parameters:
• galaxy ID (galaxyID)
• ID of their host FoF group (fofID) • Cartesian coordinates (x,y, and z )
• proper motions (velX,velY, and velZ ) • absolute magnitudes in the griz bands XDust.
APPENDIX B: CATALOGUE DESCRIPTIONS
Alongside this paper 19 , we supply a set of catalogues containing the results of our group finder and our fundamental plane distance estimates. In Table B1 , we provide our group catalogue that covers the SDSS spectroscopic footprint out to a redshift of 0.5. The individual galaxies associated with the groups listed in that table are provided in Table B2 . The fundamental plane distances obtained using the traditional fundamental plane are listed in Table B3 , while the distances from the corrected fundamental plane can be found in Table  B4 and the distances obtained using the expanded fundamental plane are provided in Table B5 . Table B1 ; third and forth column: equatorial coordinates of the galaxy; fifth column: galaxy redshift in CMB rest frame; and sixth column: i band luminosity rank of the galaxy in its group. Table B3 . The first five lines and another selected galaxy of our catalogue of uncorrected traditional fundamental plane distances. First column: SDSS object ID; second column: internal galaxy ID; third column: internal group ID; forth and fifth column: equatorial coordinates of the galaxy; sixth column: galaxy redshift in CMB rest frame; seventh to ninth column: luminosity distance, co-moving distance, and angular diameter distance, respectively, of this galaxy derived from the fundamental plane; tenth column: relative error of the fundamental plane distance estimate; eleventh column: redshift of the galaxy group hosting the galaxy; twelfth to fourteenth column: luminosity distance, co-moving distance, and angular diameter distance, respectively, of the group hosting this galaxy derived from the fundamental plane; fifteenth column: relative error of the fundamental plane distance estimate to the group hosting this galaxy; and sixteenth column: total number of early-type galaxies in the same group as that galaxy. While investigating various ways to improve the traditional fundamental plane, we were testing several different alternative calibrations. While some ideas showed interesting correlations, none of them could reasonably compete with the other methods present in Sections 3.4, 3.5, and 3.6. We tested using the number of early-type galaxies instead of the stellar masses for the expanded fundamental plane. While this apparently removed the systematic bias following the group richness, it did not fully account for the systematic offset at the lower redshifts (see Figure 19) . The overall improvement compared to the traditional fundamental plane were marginal.
Instead of applying a correction in magnitude-redshift space after fitting the traditional fundamental plane, we considered letting the fundamental plane coefficients directly dependent on these parameters. We called this approach, in which we adapted the coefficient for the range of redshifts and magnitudes of our sample, the dynamical fundamental plane. We divvied our sample into 2-dimensional bins in redshifts and apparent magnitude space and calculated the fundamental plane coefficients within individual in each bin. We then interpolated the between the values of the bins and used the coefficients corresponding to the observed redshift and magnitude of each galaxy. We found this distances obtained from this approach very sensitive to size of the bins and binning technique. Although the statistical error could be seemingly reduced to a few percent, the systematic redshift-dependences introduced this way were catastrophic.
We also tested the stellar mass fundamental plane and a slightly altered variant of it, which we called the modified stellar mass fundamental plane, with surprising results. As illustrated in Figure 11 , the stellar mass roughly correlates with the absolute magnitudes as well as with the residuals of the fundamental plane. While we used the masses of Wisconsin method in this paper, we also tested this with the stellar masses of Maraston et al. (2009 Maraston et al. ( , 2013 obtained from SDSS photometry. While we consider the expanded fundamental plane as a safer approach to improve on fundamental plane distance, we also present a more challenging and experimental method, we found serendipitously by making a mistake when implementing the stellar mass fundamental plane. After some further testing and optimization, we ended up with the following definition: log 10 (R e ) = a msm · log 10 (σ 0 ) + b msm Ξ + c msm .
with Ξ = log 10 (M * ) − f opt · log 10 (R e )
Again the index msm for the coefficients of the modified stellar mass fundamental plane should help to distinguish them from the coefficients of the traditional fundamental plane. We replaced the surface brightness term by a new variable Ξ that in the case of f opt = 2 would turn Equation C1 into the stellar mass fundamental plane. The interesting thing about this calibration is that we included the physical radii of the galaxies as derived from redshift-based distances. This actually causes some circular reasoning, since we want to derive this parameter as independently from redshift as possible in order to use this relation as a proper standard rod for distance measurements. However, this is not only parameter entering the calibration, our approach seems to work just fine. While we found an uncertainty in the distance estimates derived from the (regular f opt = 2) stellar mass fundamental plane of 23.6%, with systematics due to redshift-space distortions of 1.5 percentage point, we were able to further reduce the scatter, when selecting other values for f opt . We found that for a value of ∼ 6.5 for f opt , we were able to maximize a peculiar effect that we already found for f opt = 5 20 . When comparing the distances obtained from the modified stellar mass fundamental plane with the TullyFisher relation distances and the CosmicFlows-3 distances, we noticed that they agreed better with them than they did with redshift-based distances. The scatter between the modified fundamental plane distances and the Tully-Fisher relation/CosmicFlows-3 distances is smaller than the scatter between the modified fundamental plane distances and the redshift-based distances by about half a percentage point. This is a marginal but interesting feature. However, the systematics from the redshift-space distortions are huge, especially for the nearby galaxies (below a redshift of 0.03), where they are almost as big as the uncertainty of the modified stellar mass fundamental plane. Additionally, this was only the case for the photometric stellar masses of Maraston et al. (2009 Maraston et al. ( , 2013 , but not for the spectro-photometric stellar masses obtained by the Wisconsin method (Chen et al. 2012 ) using Maraston models (Maraston & Strömbäck 2011) .
APPENDIX D: COLOUR TRANSFORMATIONS BETWEEN SDSS AND 2MASS
In order to calculate magnitudes in SDSS bands from observed 2MASS (Skrutskie et al. 2006 ) magnitudes for our data from 2MRS (Huchra et al. 2012) or to calculate 2MASS magnitudes from the simulated SDSS magnitudes provides by the WMAP7 re-run of the Millennium simulation Guo et al. (2011) , we had to use an extrapolation function. Following previous work of Bilir et al. (2008) and Saulder et al. (2016) , we used the following equations for a extrapolations: The wild cards X 2M ASS and X SDSS stand for any of the 2MASS (J, H, and K s ) or SDSS (g, r, i, and z) respectively. 20 Due to a minor mistake in our initial derivation of the stellar mass fundamental plane, we had the value set to 5 by accident. Table D1 . Coefficients for all derived colour transformations.
Since we have four reliable 21 SDSS bands, we had two options to set up the extrapolation function (using the magnitudes between the g and i band and alternatively using the magnitudes between the r and z band). m g and similar terms express the magnitude (since we only deal with colours in all cases it does not matter if one uses apparent or absolute magnitudes as long as they consistent for each magnitude pair) in the corresponding filter. The coefficients d, e, and f for each possible function were determined by fitting the colour of the 5 890 galaxies that were identified in both SDSS and 2MRS. We filtered iteratively for 5 − σ outliers, which marginally reduced our sample to 5 842 galaxies. We list the coefficients for all filters using all equations in Table D1 . We are able to estimate the colour (and thereby magnitude) of a galaxy in a different filter system with an uncertainty of about 0.2 mag. This naturally varies depending on the distance between the central wave length of the corresponding filters used 22 .
